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The broad-spectrum antibiotic 2,4-diacetylphloroglucinol (PHL) is 2 major determinant in the biological
control of u range of plant pathogens by many flucrescent Psendomonas spp. A 4.3-kb chromosomal DNA region
from Pseudomonas fluorescens Q2-87, carrying PHL biasynthetic genes, was used as a probe tu determine if the
PHL biosynthetic locus is conserved within PHL-producing Pseudentonas strains of worldwide origin. The ph!
gene probe hybridized with the genomic DNA of all 45 PHL-producing Psexdomonas stezins tested, including
well.characterized biocontrol strains from the United States and Europe ond strains isolated from disease-
suppressive soils from Switzerland, Washingtou, Italy, and Ghena. The PHL prodacers displayed considerable
phenotypic and genotypic diversity. Two phenotypically distinet growps were detected, The first produced PHL,
pyolutevrin, and hydrogen cyanide and consisted of L3 strains from almast all locations sampled in the United
States, Europe, and Africa. The second produced only PHL and HCN and consisted of 32 sirains from the U.S.
und Europesn soils. Analysis of restriction patterns of genomic DNA obtained alter hybridization with the phl
gene probe and cluster analysis of restriction palterns of amplified DNA coding for 168 rRNA (ARDRA) and
vandomly amplified polymerphic DNA (RAPD) markers indicated that the strains that produced both PHL
and pyolutearin were genetically highly similar. In contrast, there was more diversity at the genotypic level in
the strains that produced PHL bat not pyoluteorin. ARDRA analysis of these strains indicated two clusters
which, on the basis of RAPD analysis, spllt into several subgroups with additional polymorphisms. In general,
the occurrence of phenotypically and genotypically similar gronps of PHL producers did not correlate with the
geographic origin of the isolates, and highly similur strains could be isolated from diverse locutions worldwide,

Phloroglucinol antibiotics are phenolic bacterial and plant
metabolites with antifungal (14, 23, 31, 35, 54, 55}, antibacte-
vial (6, 23, 31, 39}, phvtotoxic (22, 23, 40}, antiviral {31}, and
anthelmintic (5) activity. Of particular interest is 2,4-di-
ucetylphioroglucinol (PIIL), because of its production by flu-
urescent Pseudomonas spp. of worldwide origin, e.g., Switzer-
land (23, 25}, the United States (17, 31, 35, §5), Ireland (11,
48), England (5). Belgium (10), and Ukraine (14, 36, 37). Many
cis-acetylphtoroglucinot-producing strains have bivcontrol ac-
tivity against one or mote plant diseases. and PHL has been
shown to be the major or sole metabolite associated with
pathogen suppression (7, 59). For example. Pseudomonas fluo-
rescens CHAQ was isolated trom a soil in the Morens region of
Swilzetland that {s suppressive to black root rot of tobacco,
caused by Thiclaviopsis basicola (48). Strain CHAG produces
bath monoacetylphloroghucinel and FHL, as well as hydrogen
cyanide, pyolutcorin (PLT), and several other bioactive com-
pounds (36). PHL. contributes to the suppression ol black root
rot of tabacco by CHAU (25) and is the major determinant in
the suppression by CHAQ of take-af) of wheat, caused by Gaeu-
manromyces gramunis var. triticd (23). A P~ Tnf mutant of
strain CHAQ, CHAG625, was less inhibitory of T. basicola and
€. graminis var, (gl in vitro and [ess suppressive of black root
rot and take-all than strain CHAD (23, 25). Complementation
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af CHA625 with an 11-kb fragment from a CHAQ genomic
library targely restored PHL produclion, fungal inhibition, and
disease suppression. PHL could also be isofated from the rhi-
zosphere of wheat colonized by the wild-type CHAU or the
compiemented mutant (23). In addition, ampiification of the
housekeeping sigma factor {¢’") in CHAQ iccreased produc-
tien of PHL and PLT severalfold in vitro and in the rhizo-
sphere and improved protection of cucumber against Préhium
ultimum, Phomaopsis sclerotioides, and Fusarian oxysporum 1§
sp. cucwnerinum and of tobacco against T, basicela (32, 33, 43).

P. fluorescens Q2-87 was isolated from wheat grown in a
take-all-suppressive soil from near Quincy, Wash., and sup-
presses take-ali when applied as a secd treatment (38, 55).
Pseudomunas sp. strain F113, isolaled in Ireland from the root
hairs of a mature sugar beet plani, was as effective as the
fungicides Thiram and Previcur N in suppressing preemer-
gence damping off of sugar beet caused by Pythium wltimum
€11). Strains (J2-87 and F113 produce HUN and both mono-
acetylphloroglucinol and PHL (17, 44, 45). Phi~ Tnj mutanrs
of these two strains were significantly less suppressive of dis--
case than were their respective parental strains, and activity
was partially restored upon complementation with wild-lyp
DNA fragments honiologous to those containing TnS insci-
tions in the mutants (11, 55). The 6-kb wild-lype fragment [rom
F113 was expressed in one of eight other non-PHL-producing
pseudomonads into which it was introduced; the transgemc
strain produced PHL and was significantly more suppressive.
than F113 of Pythiwrnt wltinnen on sugar beet {11). Twao cosmid
clones of 25 or 37 kb containing the PHL biosynthetic locus
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VoL, b2, 1996 DACETY LPHLOROGLUCINOL-PRODUCING PSEUDOMONADS 533
TABLE 1. Onigins and biocentrol activities of Pserdemonas straine
Strtn Bioconiral wownvity” Source® References
Relerence strains
CHAUL Th on tobacco. (gt on wheat, Pu on cucumber Tobacco, Morcas, Switzzriand 8.9, 48, 36
Q247 Ggt on wheat Wheat, Quincy, Wash. W, 55
Q2-87:Tnd-{ Reduced activity against Ggt on wheat Derivative of Q287 55
Q65c-80 Gyt on wheat Wheat, Quincy, Watzh. 17.38
Pi-5 Pu en cucumber, Pu and Ry on cotlon Cotton, Texas 19.20. 29. 35
F113 Pu an sugar beet Sugar beet, Letund 1145
PF 5t on wheat Wheat leaves, Oklahoma 3
PFM! St on wheat Dertvative of PF 3
PEM2 5t on wheat Derivative of BFM1 k1|
-7 G oo wheat Wheat, Ling, Wash. §3, 58
060080 g1 on wheat Wheat, OQuincy, Wash, 17,38
hoteles from Quincy solt
Q147 Gt un wheat Whent This stugdy
Q487 Ggt on wheat ‘Wheat This siudy
Q587 Gpt on wheat Whest ‘This study
Q687 Get oa wheal Wheat This study
Q787 Gyt on wheat Wheat Thix study
Q8-87 gt on wheat Wheat This study
QU-RT Ggt on wheal Wheat This study
QI2-87 Ggt un wheat Wieat This study
QIMR7 Gt on wheat Wheat This study
Q3747 Gt on whex Whest “This study
Q86-37 Ggt on wheat Wheat This study
(8887 Gyt on wheat Wheat 17
Q9547 Gt on wheat Wheat This study
QLN-R7 Gt on whedt Wheat This study
QU287 Gt un wheat Wheat This srady
Q)28.87 Gyt on wheat ‘Wheat 17
Q139487 Cigt on wheat Wheat This study
Isolates (rom Morens soil
Pl Tb on tobaceo, Pu on cucymber Tobecco ‘This study
Pi2 Th on 10bacco, Py on cucumber Tobecco This sludy
cal'p? Pu and Ps on cucumber, Rs on cotton Curumber 12
1AL Py andd Py gn cucumber, Rs on cotton Cucumber 12
CMI'A2Z Pu and P1 on cucumber, Rs on cutten Qucumber 12
TMIAY Pu and Ps o cucumber, Rs on cotton Tomato P4
THMI' A4 Pu and P on cucumber, Ry oo cotton Tomato This study
TMIAS Pu ard Ps on cucumber, 125 on cotton Tomatoe 12
TMI1' A5 Py and Ps on cucumber, Rs on cotton Tomato This study
TMIB2 Fu and Ps on cucumber, Rs on cotiun Tomato 1z
1solates {rom Albengs suil
PINR2 Pu on cucumbet, Fort on tomato Tobacco This stady
PINRY Pu on cucumbet, Forl on tomate Tobacco This study
PITR2 Py on cucumber, Forl on tomate Wheat This. study
TR Pu on cucumber, Forl an tomato Wheat This study
PILH1 Pu on cucumiber, Forl on womate Tomatu This study
Isoiates from (hanion soil
PGNRI Pu un cucumber, Ford on romato Tobaeeo “This study
PGMNH#Z Pu un cucuniber. Forl oo tomale Tobarco This study
PGNR3 Pu on cucumber, Forl ot tomata Tobacco This sludy
PGNLY Pu on cucumber, Forl on tomato Tobacco This study
PONRS Pu on cucumber, Ferl on tomato Tobacco This slugy

“Th. I' basicoia: Ggl, G. graminis var. inncrt P Pthium wiomam: Rs, R soiani; P, Phomogan sclerotiokdes; and Forl, F. opnporun L sp, radicy-dycopersics, SI,
Septorrn mrici. Data on biovontred activity for mest of the Preudomortay strains come [ront unpublished cxperiments.
“ With the extephion of stram PE and its demivathves, which weis swdated fiom whoat lcaves, Pacudawonds straiu werw isolated from roots of indicared planis

from strain QZ-87 also were expresscd in nonproducers,
namely, P. fluorescons 2-79 and Preudomonas strain 5097 (55);
a subclone of approximately 6.5 kb conferred PHL biosynthesis
1o all strains and improved the biocontrol activity of some of 27
fluorescent Preudomonas spp. into which it was introduced
(16},

Qur observarion of the widespread occurrence of PHL-pro-
ducing Auorescent Preudomonas spp. with biocontrol actvity
prompted us to fovestigate if the PHL biosynthetic locus is

conserved among strains of worldwide origin, (sing a cloned
fragment from the PHL biosynthetic region of P fluorescens
Q2-87 (2. 3, 16, 55; GenBank accession no. U41818) as a
probe, we demaonstrated that this region is conserved in all of
the strains in our collection known to produce PHL. By anal-
ysig of metabolite patterns aad molecuiar typing, we alsa found
that there is considerable divemity among PHL-producing
pseudomonads in soils originuting [row different geographic
locations,
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TABLE 2. Bivlogical and physical properties of diseuse-suppressive soils used in this study

o
- Country of . % (wtiwt)
Designation ‘ Suppressive effect 1 H Iteference
g origin e Organic matter  Sand  Silt  Clay e )
Morens soil (MS1)  Switzerland  Black root ror of tobacco  Sandy loam 24 6 3 13 6.2 4350
Quiney suil Uitited States  lake-all of wheat Silt loam Ll 35 52 13 56 38
Alpenga soit Italy Fusarium wilt of tomato  Sandy loam 23 7. 2 ORI )
Ghuna soil Ghana Fusarium wilt of tomate  Silt ioam 12 33 48 14 65 International Institute of

Tropical Agriculture,
Ibadan, Nigeria

MATERIALS AND METHODS

Iselation of bacterls tram suppresstve soils and ucpexsment of biocuatral
aetivity. Preudomonay straing used in this work are listed in Table 1. The refee-
ence strainy wre well-characterized bological contral agents. The other Pecudo-
smenay Srains listed in Table | were solated from disedse-suppressive soils
deseribed in Tuble 3. The characteristics of suil from Morens, Switzerland,
suppressive tu obueco black rool rot, aud soif from Albenga, Ttaly, suppressive
W Fusgrium will, have been descrided in detail previously {48-50, 52), Strains
Gorm the take-all-suppresive s01 from near Quincy, Wash., were olated as
described by Piewson und Weller (38). To inolare bacteria from the ather sup-
pressive suils, surfuce -sterilized seeds of cucumber (Cucumis satvus ov. Chines
siche Schlange), wburco (Micotiung ghuinoss ), tomato (Lycopersicon exculentum
cv. Bonoy Best), and wheat | Treticum aestivim ov. Arina) (23 24) were sown in
pots containing 400 inl of soil. After 4 10 0 weeks of growth in a growth chamber
at 0% velative humidity with 16 h of light at 22°C and 8 I of dark at 18°C, tle
adhering soit was gemly removed from the roots. The routs were washed in
conde-disthled sterile water by vigorous agitation on 4 rotasy shaker. For iso-
sabion ef baetesta from the root interiur, the 1o0ts were then subjected 1o treat-
ment with 70% ethanal for 10 s followed by 5% H.O, For 10 min and rinsed thre
umes with duublesdistilled sterile water. Routs were cut into 0.5- 1o 1-cm pieces
sed pliced on 31 mecivm, which is selective for Auovescent pseudomonads (15),
o on King's wediwn B agar (KMB [27)). After incubavion for 2103 days at 24°C,
bactenial cotenics that cevetoped aleng the tuot pieces were lrunsferred to fresh
KMB plutes and purified by repeated suboulturing, The isolates were then tested
sur iocontrod activity {Table 1) against take-all of wheat caused by G. graminis
vir frrticd, black root ot of wbaceo caused by T basicols, Black toot tot uf
cugumber cuused by Phomopsis sclerotiotdes, and crown and root 108 oF tomatw
caused by Foaysperum . sp. radicw-lycopersict as described elsewhere (12, 17, 30,
4¥, 83). The ubility of the bacterial *volates to suppruss damping-of of cucumber
cansed by Puthinem witimum and of cotton caused by Rhizactonta solanf wis tested
a5 Talhows. Plastiy pots (260 mb) were flled with natural soil. and a millet seed
maculum (3, 33) of Pahiven wltimum 67-) (obtained from Allelix Agriculture,
Misstaauga, Canada; 4 g of inoculum per liter of soil) or of R solam 160
juhtzined from Cibs Ltd, Bascl, Swikzerfand; twe vvergrown millet seeds per
puty was wixed into the sod. Two hours aker, the bacterial suspensions were
waed intw soil to give 107 CFU/em”. Then, four 2-cay-uld seedlings of, respec-
fively. cucumber and cotton (Gessyprum Awsutum cv. Stoneviile 506, abtained
frum Ciba} were planied per por. After 5 duys (colton) ur 12 duys (cucumber) of
sicultion inoa growth chamber under the conditions described above, t(he
uamber of emerged planis per pot was counted.

Racteria, plusmids, fungi, and culture conditions. Pseudomonas sitaits were
cwltivated in Lurta-Bectawi (LB} broth (42) or on KMB at 24°C, Eschenchia coli
straips were grown in LB broth or on autrient agar (47) at 37°C. E. coli HBi]
() was used a3 the host for plasmids pMONS123 and pMONS118, cuch con-
1nining genes involved in the biosynthesis of PHL (2, 3, 35, GenBank accession
a0. Ud1818). When ppropriate, tetracwline hydrochluride and kanantycin sul-
fate were used as selactive antibiotics at 50 peinl G. graminis (Sace.) A &
Olivier var, #itici Walker strain FSLN-1 was routinely cultivated on putalo
dextrose agar (Difce’ at 24°C.

Extriction and detection of metsbolites. Production of HCN was detected by
pouwing Pretidomonas straing for 16 h at 24°C in 100 wl of LA broth in weils of

nicrotiter dishes with an indicator paper tightly covering the wells as Juscribed
by Voisard et al. (37). Production of 4 finorescent siderophore(s) was detected by
gruwing the strains tor 16 h at 24°C on KMB ot succinare mimmal medium (343,
with or withoul addition of 100 ug of EDDHA, [ethylenediam:ne-di(v-hydraxy-
phenylacetic acid)) per ml, and observing the Muorescence of the colunies under
UV light (at a waveiength of 366 nm; Omanilab, Mettmenstetten, Switzerland).
Production of the untibioties PHL, menvacetylphloroglucined, and PLT was
determined by prowing strains on malt agar (15 g of Difco malt extract, 17 g of
Difco agar, and | liter of Jouble-distilled water, adjusied to pH 7 with 1 N
NaOH) or KMB at 24°C for 64 h. The agur media pius the bacteria were
extracted with acetone and ethyl acctate, und the extioct was analyzed by revene-
phase high-performance liquid clrometography as described previousty (23, 331
Lsolation of the antibiotics was done twice,

Fungal inhibition assay. Inhibition of G. gramunis var. intici by the Pseudomn-
nog strainy on male agar and KMB plates was performed essentially as described
by Thomashow and Weiter (53}, Bacteria were grown overnight in LB broth, and
5 mlof each cullure was spotted 0.5 cen from the edge of the plate (four spots per
platc). Que bour laler, o (.6~cm circular picg from 4 cuiture of G. gramnis var.
rritici was nysessed after 7 days by measuring he distance between the edges of
the bacterial coleny and the fungal msycelium. [nhibition was expressed as the
percentage of inhibition caused by struan CHAY that bad been spotted on the
game plake, Assays werc repeated ai least twice, with ihree replicate plates per
treatment.

DNA exteaction and Sonthern hybridizatlon, Chromosemal DNA was isolaled
a5 devcribed by Gumper et ab. (13). Plasmid DNA was prepared with a plasmid
midi kit (QIAGEN Inc,, llilden, Germany). Restriction enzyme digestions
{Boehringer Mannheim Biochemiculs), agarose gol electrophoresis, DNA frag-
mien isolation from fow-melling-point agarese, oligolabelling { Pharmacia, Upn-
sala, Sweden), and Svuthern transfer 10 Hybond-N nylon membranes (Amer-
sham) were performed by standard methods (42) or w5 recommended by the
supplicra,

ARDRA. The DNA coding Tor the 168 tRNA of the Pscudomenas straing was
amplified with primers Rlg and 1488r (Table }; scquences kiodly provided by R.
yimon and H.-V, Ticky, TUV Sddwest, Freiburg, Germany; primers synthesized
by MWG Biotech, Basel, Switzerland). F. onfi K-12 und P aernginosa PAOL (181
were used as coatruls, Bacterial sirains were growd for 24 hoar 27°C in 150 pl of
1710 strengith KMB broth in wells of mictotiter plates. Aliquots (0.5 uh) of each
bactenal cultuse were transfemed to PCR 1ubeys contaiping 4.5 wd of lysis bufter
{10 mM Tris-HCl [pH 8.3), 50 mM KCl, G.1% Tween 20} and were then heat
Iysed (10 win at 99°C). PCR amplification was carned out in 20-pl reaction
mixtures, euch containing 5 pl of heatysed bacterial culture, 10 mM 'Tris-HCl
(pH &.3), 1.5 mM Mg, { % Triton X-100, [00 wM {each) JATP. dCTP, 9GTP.
and dTTP (Stehelin Cie., Basel, Switzerland), 0.28 (oM puimer, and 0.15 U of Tug
DNA polymerase (Stehelin Cie.). Amplification was performed in a Peorkin-
Elmer Cetus GeneAmp PCR System 5600. The PCR cycling program consisted
of 4n initial denataration at 94°C for [20 3 foltowed by 35 cycles of 94°C for 40
s, S0°C tfor 60 s, and 72°C for 60 s, and the cycling was toltowed by a final
extension at 72°C fur 180 s. Restriction of 5 ul of the amplified product was
perfonined in a totel votume of 20 pl of restriction buffer (Boehringer) with 1.5
U of either Cfol, Hinfl, Taql. Alul, Rsal, Hpall, Huelll, or Ddel (Boehringer).
The restricted DNA was then electropburesed in o 2.5% agaruse gel with | <

TABLE 3. Qligonucleotides used for ARDRA and PCR-RAPL analysis

Prinzer Sequence :ﬂ:{?; G+C( G;o)n[ent Evaluation technique
Rin GCTCAGATTGAACGCIGUCG 20 60 ARDRA

14881 CGGTTACCTTGTTACGACTTCACC 24 50 ARDRA

7 TTGGCACGGG 10 70 PCR-RAPD
GAL COGTTATTGCGCCCGH 16 69 PCR-RAPD
Mi2 GGGACGTTGG 10 Y PCR-RAPD
MIS GGTOGTCAAG 10 ] PCR-RAPD
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TABLE 4. Phenotypic characteristics and in vitre antifungal activities of Pseudomonar strains sulaled from soils of different
geographic origins

Production” of:

Relative inhibition®

af Ggt on:
Strvin PHL PLT PHL un PLT Red P, on
. on cd B, o .,
HCN Sideruphores on MA on MA KM KMB KMB MA KMy
Reference strains
CHAU + ++ 2.5 BD BD 140 + 1.00 1.00
Q2-87 + + 56 BD 374 BD -4+ 172 1.28
Q2-87:Tns-/ + + BD BD BD BD : 013 0.7%
Qa65c-80 - - 14.4 BD 354 BD +++ 1.5¢ 1.28
PI-5 + +r 9.2 4.2 BD 1277 ++ 1.50 48
FLI3 + + IS BD 587 BD 4+ 1.27 0.96
PF - + - 1.3 BD 12.8 300 L 1.44 127
PFM! + ++ 34 BD 11.2 37 + - .44 1.3
PFM2 - Rahd 12.2 G.4 23 733 + 1.33 134
79 (PCA*Y - +++ BD BD BD BD - 0.76 0.87
(Q65¢-30 + +i- BD BD BD BD - ni2 0.85
Isolates [rum Quincy soil
Q1-87 + + 13.9 BD 18.4 BD +r+ 1.33 1.17
Q4-87 - + 8.5 BD 16.1 BD 4 125 124
Q5-87 + + 227 BD 112 BD ++r 113 1.08
0Q6-87 - - (9.1 BD 208 BD ++4 1.18 0.96
Q7-87 ™ + 154 BD 2. BD - i Q.80
Q8-87 + = 2 BD 8.3 BD +r+ 1.4 0.86
Q9-87 - - 150 BD 135 BD 4L 1.08 0.86
Qi2-37 + + i BD 14.4 BD -+ + 1.28 (.96
013-87 - - 15.3 BD 131 BD +++ 138 1.08
Q37-87 -+ + 18.2 BD 119 BD -+ 1.23 104
Q86-87 + + we BD 49 BD e 1.1% 126
Q85-87 - - 24.5 BD 121 BD 44+ 1.19 1.04
Q9s-87 + + 307 BD 14.8 BD - 119 091
2107-47 + + 278 BD 379 BD +-+ 1M .83
Q112-87 - + 4.9 BD 453 BD -+ La7 1.00
(Q128-87 + + 189 BD 17 BD +- L.09 1.17
Q139-87 - -~ 204 BD 264 B +++ 1.07 096
solates from Morens soil
Pl - o+ 1.4 1} BD 239 + 139 1.74
rz - - 12.8 BO 9.8 ap 4+ 1.8 1.26
CAal'B2 + + 243 BD 245 8D - 1.27 Los
CrlAl + - 635 BD 16.4 8D L 1.30 1.12
CM1A2 - - 217 BD 132 BD R 1.36 112
TMIAS + i 250 BD 36.4 BD - 1.20 1.08
TM1'A4 + ¥ 30.6 RD 260 BD 4o+ 1.31 0.95
TMIAS - - s BD 142 8D —++ [.31 1.18
TMUAS + + 3.1 BD 40.7 BD +4 - 0,44 108
TMILBZ + - 254 BD 18.0 BD +++ 22 1.4
Isolates from Albenga soil
PINR2 + ++ 4.5 BD BD 124 + 1.30 116
PINR3 - - 2. BD BD 32 -~ .31 1.67
PITR2Z T + 373 8D 48.3 BD rod 1.46 1.10
PITR2 + - 99 BD 474 BD 4+ 1.40 0.90
PILHL - + 19.6 BD 352 BD -t~ [.42 112
Isolates from Ghana soil
PGNRI + 4 3.6 BD BD 99 + 1.62 1.13
PGNR2 - - 39 BD BD 10.2 - 1.65 1.15
PUNRS + ++ 6.1 B BD 78 + 1,20 1.32
PGNL1 + ++ 1.3 BD BD a3 + 1.17 1.d%
PGINILE - + - 4.4 BD BD 4.7 + 129 .43
(6.7¢ (1.3 (8.1 @Ay 0.8y (0.22)¢

 Productivn of HON and an unidentified ced pigment (Red P.) by the bacteria was detected on KMB after 16 h and 4 to 7 days of grawth at 24°C, respectively;
production of Auerescent siderophyrcs way recorded on KMB and un minimal medium succinate with or witiout EDDHA after 16 b of incubation at 24°C. Symbols:
- Py liktle; &+ strong; and ++ +, abundunt production of the respective metabolite. Production of PHE, and PLT (in nuctograms per mitlititer of malt agar [MA]
o KMB); BD. beluw detection limit. ie.. <008 ug/ml tar PHL and <0.1 pg/ml for PLT, Each PHL-producing st1aint also produced monoacetyiphloroglucinol. The
bucteria were grown for 64 h at 24°C, After this fime, bacterial numbers per plate were not significantly different and varicd batween 1.1 < 10" and 1.4 x 10! CFU
on KMB and between 0.9 x 10 and 1.3 X 10"" CFU on malt agar. The plates were extracted as described in Materisls and Methods. Each valuc is the mean of two

replicate deteiminations.

" tnhibition of the growth of G. graminis var, atici (Ggl) on malt agar (MA) and KMB xt 24°C wus measured aflter 7 days and i expressed relative to the ishibition

Iy steain CHAG, Each value is the mean uf at Jeast two asvays with three replicate phates per treatment.

" Strain 2-79 produces phenazine-1-carbodlic acid (PCA) on malt agw and KMB.
4 Foilowing u significant F test, 2 ieast-signilicant-difforence analysis ( — 0.05) was performed. At the bouttom of ¢ach columa contuining munbers, the feast significant

ditference values for two assays (antibiotic production) and for three ussays (inhibition of G, graminis var. initier) re listed in parentheses.
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TEBE (50 mM Ttis burate, 2 m EDTA [nH R.3)), stained with ethidium bro-
mide, and photographed under UV lighr. The 100-bp DNA ladder (GIBCO BRL
Life Technotogies, [n., Gaithersburg, Md.) was used as molecular size marker.
Anufysis of umplified ribosomal DNA restriction anatwis fARDRA) preducts
ohraimed from extracted DNA gave the sume results ay analysis of ARDRA
products [rom lysed cells (data not shown).

PCR-RAPD analvais. For the further genotypic characterization of the Preudo-
mongs strains, 4 PCR-based fingerprinting methed with randomly amplified
pulymenphic DNA (RAPD) markers was applied, using o modification of the
nretfit described by Williams et al. (60). Sixty-four primers were sereened, und
fuur primers that produced u distinct and consistent banding pattern with poly-
marphic markers were selected (Table 3) and farther evalusted. Primers D7,
M12, and M13 were obiained from a series of random ofigonucleotides (Operon
Teehnologicy Inc,, Alameda, Calill), and primer GAC was synthesized by the
Institute of Microbrology, Swiss Federal [nstitute of Technology, Zurich, Swit-
zerland: the nucleotide sequences and G+C contents of the primers are histed in
Tatie 3, Bucterial cells were grown and Jysed 45 described above for ARDRA,
Amplification conditions were modified as follows: the reaction volume was 15
ul, the MgCl, concentrativn wus 2 mM, and the PCR cycting program consisted
of 2 cycles of 94°C for 20 5. 36°C for 30 s, and T2°C for 120 s; 20 cycles of 4°C
fur 208, 36°C for 15 5, 45°C for 15§, and 72°C for YW 5; 19 cycles of 94°C for 20
5 {incubution g increased 1 s per cycle) 36°C for 1S 5, and 45°C for 15's, und
12°C for 120 s, (incubation tme increased 3 s per cycle); dnd a final incubation
at 72°C for 10 nin (28). The ampiification products were electrophoresed in @
1.5% agarose gel with 1 TBE. Analpis of PCR preducts obtained fram ex-
tracted DNA gave the same results as anniysis of PCR products {rom lysed cells
{data non shown},

Caleulation of similarity coeficlents and similarity anatysis. All PCR-RAPD
renctions were regeated at least theee times, and ARDRA reactions were carried
uut unce, KAPL hngerprots were compared only tor steains showing identical
patterns in ARDRA, and only the RAPD hands which appeared consistently
were evaluated, Caleulation of the pairwise coefficients of similanity (21), bused
uni the presence or absence of bands, and cluster aralysis with the unweighled
pair group method with anthmetic mean (UPGMA} algorithm were perforimed
with the NTSYS-pe numerical taxonomy and multivariate analysis system (41).

RESULTS

Metabiolite patterns, Ten of the 11 reference Pseudomonas
strains and all 37 of the strains originating from suppressive
soils produced HCN and fluorescent siderophores; strain 2-79,
which produces phenazine-1-carboxylic acid. did not produce
HCN (Table 4). On the basis of the metabolites produced,
tirere were two phenotypically distinct groups of PHL produc-
ers. One consisted of strains that produced PHL but not PLT;
it included all the strains from the Quincy, Wash., soil; most of
the strains from the Morens, Switzerland. soil; some strains
from the Albenga, Italy, soil; and strain F113 from [reland
{Tabie 4). The second consisted of strains that produced both
PHL and PLT; it included CHAL, Pf1, and P12 from the Swiss
s0il; PI-5 and PF from {1.5. soils; strains from the Ghanian soil;
and 1wo strains from the Iralian soil {Table 4},

There was considerable variation in the amount of PHL and
PLT produced by the different Pseudomonay strains, The
amounts of the two antibiotics recovered ranged from 1.3 to
63.5 pg/m! for PHL and from 0.1 te 127.7 pg/ml for PLT
{Table 4), In addition, each PLT-producing strain preduced
monoacetylphioroglucinol {data not shown) and, after 4 to 7
days of incubation on KMB. an unidentified red pigment,
which is not PHL (Tabie 4). A Tnd-7 Phi™ mutant of Q2-87
and the naturally PHL-negative strains 2-79 and Q69c-80,
which were used as controls, did not produce the red pigment.

Antifungal activity. In vitro inhibition of G. gramusis var,
tritict by the Preudomonas strains on malt agar and KMB was
compared with that by P. fluorescens CHAQ. On malt agar
plates, most of the PHL-producing strains were more inhibi-

ApPPL, ENnviRON, MICROBICL.

tory of G. graminis var. miici than strain CHAQ was ('Table 4).
On KMB, the inhibition by most of the strains varied in « range
of about *15% of the inhibition oblained with strain CHAD,
On malt agar, the PHL-negative controi strains, namely,
Q2-87:Tn5-1, Q69c-80, and 2-79, were significantly less inhib-
itory than the PHL-producing strains (Table 4). In the case of
strain 2-79, the relatively high inhibitory activity against G.
gramtinis var, tritici may be attributed to the antibiotic phena-
zine-1-carboxylic acid, which is produced on malt agar and
KMB (Table 4}. The considerable index of inhibition produced
by strains Q2-87:'TnS5-1 and Q69c-80 on KMB may be attrib-
uted 10 the fact that both strains still produce a siderophore(s)
and HCN onq this medium (Table 4).

Southern hybridization with the pil gene probe. The 4.8-kb
BamHI fragment carrying PHL biosynthetic genes from strain
Q2-87 hybridized with the genomic DNA of each of the 45
PHL-producing Pscudomonas strains and of Q2-87::Tn5.! but
not with the DNA of the naturally PHIL-ncgative 2-79 and
Q69¢-80 controts (Fig. 1). Analysis of restriction fragment
length polymorphisms (RFLPs) generated by digestions of
DNA from the 45 PHL producers with £coRV indicated five
major groups (Table 5). One group included Pseudomonas
strains from Swiss, [talian, Ghanian, and U.S. soils which had
restriction patterns identical to ihat of reference strain CHAO
and which produced PLT in addition to PHL (Fig. 1A; Table
5); strain PILHIL was an exception because it produced no
PLT. The other four groups cansisted of strains that produced
PHL but not PLT, including a group ol similar Swiss and U.S.
strains, a group of U.S. strains isolated from the Quincy soil
having patterns identical to the reference sirain Q2-87, and twe
groups consisting of strains from Italian and Swiss soils, re-
spectively (Fig. 1; Table 5). Two strains, Q37-87, isolated from
the Quincy soil, and F113, isolated from soil in Ireland, did not
fit into any of the other groups. Restriction fragment patterns
generated by digestion with BamHBl yielded more polymor-
phisms and a further splitting of the above RFLI groups ob-
tained after restriction with EcoRV (Fig. 1B; Table 5). How-
ever, most of the strains that produced both PHL and PLT, as
well as the PHL producers from the Quincy soil, which are
highly similar to the reference strain Q2-87, were contained
within the same groups as described above (Fig. 1B; Table 5).
With the BamHI digestion, Q37-87 and F113 again were dis-
tinct from the other strains.

ARDRA fingerprints. Results of ARDRA indicated three
groups of PHL-producing steains (Fig. 2; Table 5). Group 1
contained ail strains that produced PHL and PLT, including
strains from Swiss {¢.g., CHAD), US. (e.g., PI-5), Italian, and
Ghanian soils. These strains clustered with the other PHL-
producing strains at 4 similarity of 0.63, indicating quite a loose
relationship (Fig. 2). With the exception of strains F113 and
P12, which form a separate group {group 3), all of the other
strains that produced PHL but not PLT gave identical
ARDRA fingerprints and were contained within group 2 (Fig.
2; Table 5). Each of these two groups included one of the
naturzlly PHL.-negative control strains; i.e., strain Q69c-80 be-
longed to group 2. and strain 2-79 clustered with group 3 (Fig.
2).

F1G, 1. Suuthern hybridization of the phf yenomic region in Preudomonus strains, Chromosomal DNA (<1 10 3 g} from PHL-producing reference strains and
isulutes frum suppressive soil {rom Morens, Switzerland: Quincy, Wash.; Albenga, ltaly; and Ghana was digested with FeoRY (A) or 8mwHL (B), The DNA of the
recombinant plasmids pMONS118 and pMONS123 was digested with BamH]. The digested DNA was electropbioresed in a .7% agarose gel (42 V for 16 h), transferred
) & Hybond nyton meinbrane (Amessham), and bybridized under conditions o1 high stringency to the $.8-kb BamB1 fragmert of pMONS123 (3, 55) as specified by

Sumdreok et al, (42) or the manufacturers.
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DIACETYLPHLOROGLUCINOL-PRODUCING PSEUDOMONADS

1
n
=]

TARBLE 5. Genatypic and phenutypic similarities of PHL-producing Pscudomonas biccontrol sirains originating from soils from different
geographic locations worldwide

Styain LcoRY RFLP Bumlll RFLP ARDRA RAPD group Production Origin’

staau Rroup* group? group® (sinilarity v =50%Y of PLT Bl
CHAU 1 L 1 1 + Switzerland
Pi-5 1 2 1 2 + Texas
P 1 ! 1 1 + Switzeriand
PINR2 1 1 1 1 - ltaly
PINR3 1 1 1 | + ltaly
PILH1 ! { 2 s - [taly
PGNR! 1 1 1 i + Ghana
PGNR2 1 1 1 1 + Ghana
PGNRA 1 1 1 1 + Ghana
PGNLL 1 ! 1 1 + Ghana
PGNRY { i 1 1 - Crhana
g i 2 i 2 + Oklahoma
PrML | 2 1 2 + Oklahoma
el i 2 i 2 + Qidahoma
Q65c-80 2 3 2 3 - Washington
Q0557 2 3 2 3 Washingion
Q19737 2 ) 2 3 - Washingron
Q112-87 2 8 2 3 - Washington
QI8-87 2 ¥ 2 3 - Washington
Q13y-87 2 3 2 3 - Washington
CHAL 2 3 2 3 - Switrerland
T™MiIA3 2 3 2 3 - Switzerland
TMIAS 2 3 2 3 - Switzerland
TMIB2 p 3 2 3 - Switzeriand
(J2-87 2 ke 2 4 - Washingron
1-37 3 4 2 4 - Washington
(34-87 ! 4 2 4 - Washingro
Q25-87 3 4 2 4 - Washingron
L2087 3 3 2 4 - Washingron
Q7-’7 3 4 2 4 - Washington
Q8-37 3 4 2 4 - Washington
(Q9.87 3 4 2 4 - Washinglon
Q12-87 3 4 2 4 - Washington
Q13.87 3 4 2 4 - Washington
Q8n-H7 3 4 2 4 - Washinglon
J%Y-87 3 4 2 4 - Washington
PL2 3 5 3 ] - Switzerland
PITR2 4 6 2 b1 Traly
PITR3 4 [3} 2 5 - Tralv
cal'p2 4 b 2 3 - Swilzerland
UM A2 3 3 2 3 - Switzerland
TMLUAS § b 2 3 - Switzerland
TMIAS 5 5 2 kS - Switzerhind
Q37-87 [\ 7 2 [ - Washington

7 9 3 7 - Irefand

Fr12

* RFLPy bascd en digestion of total genomic DNA with EcoRY or BenHI and bybridization to a 4.8-kb probe from the FHL bisynthetic regioa of Pseudemonas

strais Q2-87 42 3, 35) {Fig. 1\

" ARDRA graups of similar restriction patterns generuted with cight setected restriction endonucleases were determined by cluster analysis with Jaccard's similarity

cueficient and the UPGMA clustering algorithm (Fig. 3).

' RAPD datu generated with four selected wrhitrary primers were assigned to groups of =>30% similarity based on a cluster apalysis with Jaccard's simitarity coeflicient

and the UPGMA clustering algar:thm {Fig, 4},
4+, praduction; =, no production of PLT un KMB.
" ar mure Cetyils, see Table 1.

RAPD fingerprints. RAPD fingerprints were generated with
four primers, and one example is shown in Fig. 3. Each of the
selected primers produced about three or four bands. ARDRA
group 1 (see above), which inciuded strains that produced PHI.
and PLT, consisted of two very homogeneous subgroups with
respect to their RAPD fingerprints. In the finst subgroup,
strains  CHAD, Pf1, PINR2, PINRI, PGNR1, PGNR2,
PGNR3, PGNLI, and PGNRAY, isolated from Swiss, [falian,
and Ghanian sotls, shared the same subset of the 14 markers
evaluated (Fig. 3; Table 4). The second subgroup included
strains Pt-3, PF, PFM1, and PFM2, isolated from U.S. soil,

with identical RAPD fingerprints (Fig. 3; Table 4); thes
strains clustered with the sirains isofated from the European
and from the Ghanian soil at a similarity of 0.50. The large
ARDRA group 2 (see above}, consisting of strains that pro:
duced PHL but not PLT, split into three major subgroups that
showed a higher degree of polymorphism (Fig. 4; Table 4); one
subgroup included very similar strains (Q65c-80, (Q95-37,
Qi07-87. QI28-87, Q139-87, TM1A3, TMIAS, TMIBZ,
CALI'B2, CMI'A2. TMI'A4, and TMI'AS) from U.S. and-
Swiss soils, another subgroup consisted of sirains similar to
Q2-87 that were isolated from Quincy soil, and another sub-

Page 11 of 15



300 KEEL ET AL.

APPL. ExvIRON, MICROBIOL.

% SIMILARITY
0 25 50 75 100
- T , — .
E. coli
—-——-—-J. r - PAC
'**—-1 Group 1 (pseudomonads producing Pl and Pty
I

o

~— Group 2
{psaUdomonads producing Phi only}

——— Group 3

111G, 2. Cluster dendrogram of PHL-producing Pcudomons sivains isolated from different soils worldwide, based on ARDRA. ARTIRA was peclurmed with eight
resleiclion endonucleases. The pairaise coefficients of similarity (Jaccurd) were clustered by uging the UPGMA aigorithm of KTSYS-pe. ARDRA group 1 includes ail
the strains frum Switzerland, the United States, Naly, and Ghana, producing both PHL and PLT; ARDRA group 2 contains alt the other strams trom Swiss, U5 and
Teaiian soils that produced PUL but not PLT, with the exception of strains PA2 and F113, which are cuntained within ARDRA group 2 (Tables 4 and $). E. coli K-12

ane # derigingse PAQL were used as controls.

group contained strains PIHLL, PITR2, and PITR3 {rom the
Ttalian soit (Fig. 4; Table 4). Strains Fi12 and P12, which
formed ARDRA group 3. gave completely different RAPD
fngerprints from each other and {rom the other strains with
zach of the fuur primers used for analysis (data not shown).

DISCUSSION

Production of PHL has been shown to be an important
mechanism of biological controt of a wide vardety of plant
pathogens by lluorescent Pseudomonas spp. (11, 16, 17, 23, 25,
43, 55). This report is the first to compare PHL production in
4 wotldwide colfection of PHL-producing Preudomonas spp.
originating from Switzerland, the United Siates, Ireland, Italy,
and Crhana. We conclude that the PHL biosynthetic region is
conserved among producer strains because a 4.8-kb chromo-
somal DNA region from strain 2-87, encoding unique DNA
sequenices consistent with synthesis of PHL (2, 3, 16, 55),
hybridized under conditions of high stringency with genomu:
DNA of all 45 PHL-producing strains, This concluston is far-
ther supported by a subsequent survey (26), which demon-

strated a relationship between PHL production and hybridiza-
tion with the 4.8-kb probe in pseudomonads from soils of the
Czech Republic, Slovakia, Remania, China, India, and Ausira-
lia,

Strains in the collection, although having common PHL bio-
synthetic gewes, isplayed considerable phenotypic and geno-
typic diversity. For example, the amount of PHL produced in
vitro on mall agar and KMB differed by up to 49-fold and
23-fold, respectively. Whether the different levels of antibiotic
production may also influcnce the biocontrel activity of these
strains in the natural environment remains to be tested. Fur-
thermore, on the basis of the metabolites that were assayed,
including PHL, PLT, and HCN (all known (o be inwolved in
biocontrol activity), two phenotypically distinet groups of PHL
producers were apparent. The first group produced PHL,
HCHN, and PLT and consisted of 13 strains from all of the
locations sampled except Ireland. The second groug, consisting
of 32 strains from the United Siates, Switzerland, Italy, and
Treland, produced only PHL and HCN. RFLP, ARDRA, and
PCR-RAPD analysis indicated that the strains that produced
both PHL and PLT were, in fact, geneticallv similar. For ex-

FIG. 3. RAPD pruducts for primer D7 of PHL-producing Pseudomonas sirains isalated from different soils workdwide, $M, size marker (100-bp ladder [GIBC'.:])

The naturally PHL-negative strabs 2-79 and Qf%c-80 were used a3 controls.
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wsing the UPGMA algerithm of NTSYS-ps. Relationshipy are shown [or strains from ARDIRA group 2 only, which inciudes strains producing PHL but not PLT (Fig,

2 Tabe )

ample, custer analysis of ARDRA products showed that the
strains constituted a single group. In contrast, there was more
drversity at the genotypic level in the sirains that produced
PHL but not PLT. ARDRA indicated two clusters {groups 2
and 3), and on the basis of RAPD analysis, ARDRA group 2
split into three major subgroups that showed additional poly-
morphism. It is apparent from these studies that there is a fair
amount of diversity within the population of PHL producers,
whicti can he explofted in future screening programs for bio-
control agents. Perhaps most interesting are the obscervations
that the occurrence of most groups of phenotypically and ge-
notypically similar PHL producess was not associated with a
specific geographic origin and that highly similar strains could
he isolated from diverse Jocativns worldwide. A similar obser-
varion recently was reported by Stabb et al. (46), who showed
that producers of the aminopelyol antibiotic zwittermicin A,
made up roughly 99 of the culturable Bacilfus cereus soil
population and were present in many soils from Panama, Hon-
duras, the United States, The Netherlands, and Australia. The
finding that Pseudomonas strains of dillerent geographic ori-

ging commonly produce the same anubioticts) aad are highly
similar genetically raises the questions of whether such sirains
can perform in locations other than those from which they
were isotated and whether additional physiological adaptations
to a specific crop and local soils are necessary. Tf the latter
proves to be the case, the availability of genetic probes for
important biocontrol traits such as PHL production should
greatly facilitate the identification of effective and locally
adapted biocontrol agents.

Suppressive soils are “soils in which the pathogen does nor
establish or persist, establishes but causes little or no dumaye,
or establishes and causes disease for a while but thereafter the
disease is less important, although the pathogen may persist in
the soil” (1). Given that PHL producers were readily isolated
from natural suppressive soils, we speculate that PHL~produc-
ing strains may represent a significant fraction of root-associ:
ated pseudomonads and hence may play a role in the natura’
biological control that occurs in some such soils. For example,
at least 209% of the fluorescent Pseudomonas strains isolateu
from wheat roots grown in the take-all-suppressive soil from '
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Quincy had phenotypes typical of PHL producers (17). Fur-
thermore, colony hybridization Lests with the 4.8-kb pal gene
prabe with more thaa 1,100 Preudamanas isolates from wheat
roots grown in 7. hasicola-suppressive soils from the Morens
region in Switzerland demonstrated that up to 23% contained
PHL biosynthetic genes (26).

Despite the interest worldwide in the use of roat-associated
bacteria (rhizobactenia) as delivery systems for gene products
critical to plant protection and although bivlogical contro] is
recognized as the best alternative to the use of chemical pes-
ticides for disease controf, there is some concern about the
possible adverse noutarget effects of introducing lazge popu-
lativns of biocontrol agents into an agroecosystem. The con-
corn is greater when the agents are nonindigenous or geneti-
cally engineered. However, our finding that important
bioconirat genes, e.g., those involved in the production of
PHL, or bivcoutrol traits, ¢.g., production of PLT and HCN,
already are broadly distributed in root-associated pseuda-
mortads in soils on different continents should [essen concerns
about the release of either aonindigenous agents conteining
these traits or {ransgenic bioconirol agents info which these
traits have been introduced and may speak for a freer exchange
of microbial germplasm belween countries.
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